play an important role in sleep-related neuroplasticity and offline information processing. Several studies with full-night sleep recordings have reported a positive association between sleep spindles and fluid intelligence scores, however more recently it has been shown that only few sleep spindle measures correlate with intelligence in females, and none in males. Sleep spindle regulation underlies a circadian rhythm, however the association between spindles and intelligence has not been investigated in daytime nap sleep so far. In a sample of 86 healthy male human subjects, we investigated the correlation between fluid intelligence and sleep spindle parameters in an afternoon nap of 100 minutes. Mean sleep spindle length, amplitude and density were computed for each subject and for each derivation for both slow and fast spindles. A positive association was found between intelligence and slow spindle duration, but not any other sleep spindle parameter. As a positive correlation between intelligence and slow sleep spindle duration in full-night polysomnography has only been reported in females but not males, our results suggest that the association between intelligence and sleep spindles is more complex than previously assumed.
Sleep spindles are thalamocortical oscillations 1,2 emerging during NREM sleep with the physiological potential to facilitate neuroplasticity [3] [4] [5] . Sleep spindle characteristics such as spindle density, frequency or amplitude are trait-like individual characteristics with genetic and anatomical underpinnings [6] [7] [8] . The hypothesis that trait-like electrophysiological characteristics with a function so closely related to cognition may be related to individual cognitive performance were corroborated in early studies which revealed a positive correlation between several sleep spindle parameters and intelligence [9] [10] [11] [12] [13] [14] . However, a recent review suggested that reports on a positive association between spindles and intelligence are often inconsistent and mostly rely on small sample sizes, and that positive findings might be strongly overrepresented in the literature due to publication bias 15 . In addition, cognitive performance has been shown to correlate with anatomical properties of the brain in a strongly sex-dependent manner 16, 17 , characterized by a positive correlation with white matter morphometric data in females, but less so in males. Sleep spindle amplitude also heavily relies on the morphology of thalamocortical white matter tracts 18 .
In line with these observations recent findings have confirmed that sleep spindle parameters correlate with intelligence mainly in females, and less so in males 15, 19 .
In the present study, we aimed to corroborate and extend these findings by investigating the correlates of intelligence in a large sample of male subjects recorded during afternoon naps. Nap sleep spindles are typically considered as representative of night spindle activity as they are similarly associated with neuroplasticity processes. However, sleep spindles are also modulated by circadian regulation . The mean IQ was 116.4 (SD 15.1, range 80-143). They further completed questionnaires on handedness, vocabulary, and self-assessed creativity (not analyzed here), however did not engage in any memory-related activity to avoid respective confounding effects on sleep spindle activity.
Data Acquisition. After EEG application and behavioral testing, during a 100 minutes lights off period participants underwent polysomnography using a digital recorder (Comlab 32 Digital Sleep Lab, Brainlab V 3.3 Software, Schwarzer GmbH, Munich, Germany) with a sampling rate of 250 Hz with 6 EEG electrodes (F3, F4, C3, C4, O1, O2, all referenced to the contralateral mastoids), EMG, ECG and EOG. Polysomnography recordings were scored by 30 second epochs according to standard criteria 25 
.
Data Analysis. Polysomnography recordings were analyzed using a methodology similar to our recent studies 15, 19 . N2 and N3 sleep epochs were subjected to automated sleep spindle analysis using the Individual Adjustment Method (IAM) 26, 27 : High-resolution (bin width: 0.0625 Hz) average amplitude spectrum (with zero-padding) of the signal of EEG electrodes and the second-order derivatives of a down-sampled (0.25 Hz) average amplitude spectrum were computed. Two spectral peaks corresponding to slow and fast spindles were identified based on the zero-crossings of the average of the second order derivatives of the spectra of all available EEG derivations. The edges of these spectral peaks were defined on the frequency scale of the high resolution spectra as the individual slow and fast spindle frequency ranges, respectively. EEG data was filtered for these individual sleep spindle frequency ranges, and a sleep spindle was detected wherever the envelope of the filtered signal exceeded a derivation-specific amplitude criterion for at least 0.5 seconds. The amplitude criterion was defined as the mean of the high resolution amplitude spectral values of NREM sleep EEG of the given electrode at the boundaries of the individual sleep spindle frequency range, multiplied by the number of bins within the individual frequency range. The individual mean length and mean maximum amplitude (defined by the mean maximum of the envelopes of filtered EEG signals over the detected spindles) as well as sleep spindle density (number of sleep spindles/ minute) was computed for each subject and each derivation for both slow and fast spindles. Table 1 . Correlations between sleep spindle parameters and intelligence in nap sleep recordings of 79 healthy young male subjects. Correlation coefficients which remain significant after correcting for multiple testing are marked by an asterisk.
We computed Pearson's point-moment correlations between IQ scores and individual slow and fast spindle parameters (frequency, density, duration and amplitude). In order to control for multiple comparisons we implemented the Benjamini-Hochberg procedure of false discovery rate (FDR) correction 28 . 
Results
We found a positive correlation between intelligence and slow spindle duration (statistically significant on all electrodes, significant after FDR correction). A tendency for a positive correlation between intelligence and slow spindle density on some electrodes was also seen, which however was not significant after FDR correction. No correlation between intelligence and either sleep spindle amplitude or frequency was found, and no correlation between intelligence and any of the fast spindle parameters was seen either. However, correlations with intelligence did not differ significantly between slow and fast spindles. Intelligence did not correlate significantly with any measures of sleep macrostructure. Our results are summarized in Table 1 ; the strongest results are illustrated as a scatterplot on Fig. 1 the narrow age range of our subjects, our results did not change significantly if partial correlations (controlling for age) were calculated. In order to assess the similarity between nap and night spindle parameters, individual sleep spindle parameter averages obtained on the electrode F4 were compared with the average parameters obtained from the comparable sample of 57 male subjects under 30 years old participating in our earlier night sleep study 15 , analyzed with the same detection algorithm. Both slow and fast spindle density was higher in night sleep (p < 0.001 in both cases). Slow spindle duration and mean amplitude were not significantly different in naps and night sleep. Fast spindle duration was longer in naps (p < 0.05) while mean amplitude was higher in night sleep (p < 0.001). Both slow and fast spindle middle frequency was lower in night sleep (p < 0.001 in both cases). This is in line with previous comparisons of day and night spindles 29 , which also found higher frequency and duration (on a frontal electrode), but lower density and amplitude in naps (albeit the density effect was only significant on a parietal electrode and the amplitude effect remained a tendency on both). Sleep macrostructure and spindle parameters are reported in Tables 2-6 ; topographic differences in nap sleep spindle parameters are represented on Fig. 2 .
Discussion
In a large sample of only male subjects, we did not find any correlation between intelligence and fast spindle parameters, and no significant correlation between intelligence and slow spindle density or amplitude. This confirms recent full-night sleep recordings with similar null-findings 15 . In particular the absence of a positive correlation between fast spindle amplitude and intelligence in males is in line with previous night sleep studies revealing such a correlation only in females both in case of adolescents 19 and adults 15 . In contrast to null-findings in full-night sleep recordings, however, we found a positive correlation between intelligence and slow spindle duration in our male sample, which had previously been reported for females only 15 . Delta and theta power in naps appear to generally contribute to the same homeostatic processes as night sleep 30 , but sleep spindles are particularly dependent on circadian regulation 20 . The main differences between day and night spindles have been observed for spindle frequency and density 31 , in line with the melatonin-dependent circadian regulation of spindles 20, 29 . However, less prominent day-night differences in spindle duration and amplitude have been reported, not always reaching statistical significance 29, 31 . Several reports suggest that day sleep spindles recorded during nap sleep periods are indeed involved in neural plasticity processes as night spindles are, supporting the consolidation of memories in both children 32 and adults 33 . Sleep spindles recorded in afternoon naps could thus be considered as representative of night spindle activity, and therefore good candidate markers of IQ. In the light of our current results, nap spindles might even be a more sensitive marker of cognitive processing than night sleep spindles as evidenced by a positive association between intelligence and slow spindle duration, previously only seen in females 15 . Sleep spindles preferentially occur during the up-states of cortical slow oscillations 1 , and durations most likely reflect the length of such up-states. Previous reports 34 found a positive correlation between slow wave upstate length and memory consolidation, as well as the coupling strength of sleep spindles to slow oscillations and intelligence 14 , suggesting that the coupling of these oscillations may be functionally important for cognitive functioning and intelligence.
It must be noted, however, that i) the correlations we found in young napping males were still weaker in effect size than what we previously found in a much more heterogeneous female subsample 15 and ii) we were unable to reproduce this finding in a re-analysis of 57 night sleep EEG recordings from our previous study 15 including only male subjects below 30 years of age: in this subsample, no correlation between IQ scores and slow spindle duration was seen (see Table 2 ). Therefore, while some significant positive correlations were found in our male-only napping sample, the weak effect size of our positive findings about the correlation between intelligence and nap slow spindle duration do not firmly ascertain Table 6 . Full-night sleep spindle parameters.
whether such an association in males is specific for nap sleep. Also, since there was a lack of a significant difference between slow and fast spindle correlation coefficients (see Fig. 2 ), it cannot be claimed with certainty that this association is specific for slow spindles. Overall, our results confirm that sleep spindle amplitude is not correlated with intelligence in males, supporting the view of a sexual dimorphism of the neural mechanisms behind intelligence 16, 17 with a triangular relationship between white matter morphology, sleep spindle amplitude and intelligence only in females 15, 17, 18 . It further confirms our recent null findings regarding other spindle parameters, which had been reported before in studies with smaller sample sizes 15 . Since many previous studies reported on a large number of sleep spindle variables with little consistency in their methodology and because null findings are less likely to be published 15 , the spindle-intelligence association might have been overestimated due to publication bias. Further research into the possible relationship between sleep spindling and intelligence is required, including possible interactions with circadian rhythms and the inclusion of female participants in order to reproduce the positive correlation between sleep spindle amplitude and intelligence also in nap sleep. A direct study of the association between nap and night spindle activity and intelligence in the same subjects would help clarify whether some or all spindle correlates of intelligence are specific for nap vs. full-night sleep.
